Abstract-We experimentally study the polarization dynamics (orientation and ellipticity) of near infrared light transmitted through magnetooptic Yttrium Iron Garnet isolator crystal pairs using a modified balanced detection scheme. When the pair separation is in the sub-millimeter range, we observed a proximity effect in which the saturation field is reduced by up to 20%. Calculations using a 1D model suggest that the proximity effect originates from magnetostatic interactions between the dipole moments of the isolator crystals.
INTRODUCTION
Optical isolators are important polarization components which are controlled by static external magnetic fields. They induce nonreciprocal polarization phase shifts originating from the so-called magneto-optical (MO) Faraday rotation [1] . The unidirectional nonreciprocal polarization control is crucial for the reduction of reflection-related instabilities in active electro-optical devices [1] [2] [3] [4] [5] [6] . A fully functional isolator consists of a magnetically active isolator crystal situated between two crossed polarizers, and a rotation equal to ±45 • of an input linear polarization is required at the wavelength of operation, in the presence of an external magnetic field ±H ext . Ferrimagnetic iron garnets are popular materials to serve as isolators in the visible and near infrared, as they possess large induced magnetizations, leading to the highest known Faraday rotations in the spectral range used for today's optical telecommunication systems [7] . Specifically, in an Yttrium Iron Garnet (YIG, Y 3 Fe 5 O 12 ) crystal subject to an external magnetic field, the latent Faraday rotation angle per unit thickness, at the principal telecom wavelength (1.55 µm), is typically ∼ 0.016 • /µm at saturation, when the light propagates along the crystal's easy axis of magnetization, [001] [7, 8] . As a result, a YIG crystal operating in the telecom spectral region typically requires a length of several millimeters to be effective as an optical isolator. In propagation of light through such thick MO samples, the (usually) desirable circular birefringence is accompanied by substantial magneticallyinduced circular dichroism [8] , which introduces an ellipticity ("smearing") ε of the polarization state [9] .
While the optical response of MO single crystals has been thoroughly characterized in past studies [2] [3] [4] [5] [6] [7] [8] , the polarization dynamics associated to the combination of several separate MO components, located in close proximity and subject to a uniform magnetic field, has not been addressed before. Such a study, however, is important in view of recent potential applications involving the integration of several optoelectronic devices on the same chip [2] [3] [4] [5] [6] 10] . In such devices the overall response of a set of magneto-optical components, including magnetostatic proximity effects [11] , plays a significant role, and can lead to surprising behaviors. Here we report our study of the polarization dynamics (in terms of orientation and ellipticity, as a function of the external DC magnetic field) of light transmitted through YIG isolator crystal pairs in series, using a modified balanced detection scheme. For small crystal separations, we observed a magnetostatic proximity effect [11] , in which the saturation field is reduced significantly, i.e., by up to 20%.
SECTION 1: EXPERIMENTAL SETUP AND TECHNIQUE
The experimental setup is represented in Fig. 1 . A linearly polarized laser diode beam at a wavelength of 1.55 µm is collimated with a telescope and passed through a chopper (C) which synchronizes a lock-in amplifier (LIA) at 1 kHz repetition. The combination of a quarter wave plate (QWP) and a polarizer (P) enables the preparation of linearly polarized light with a constant intensity for any chosen orientation of P. The input polarization is always set initially to a value of +45 • in the first quadrant [s > 0 and p > 0, see Fig. 1(a) ]. After propagation through the magnet, the output beam enters a polarizing beam splitter (PBS) which separates the s and p components, both of which are detected by a pair of identical photodiode detectors connected to the LIA operating in differential mode. Although PBSs are generally not ideal components, i.e., they transmit a small amount of p and reflect some residual s-polarization, here these artifacts were measured to be negligible (< 1%). As optical detectors always measure intensity rather than amplitude, the signal read by the amplifier when both channels are open is s 2 − p 2 . When either one or both of the polarization components change sign, a vectorial correction must be applied, as described below. Each component can be blocked individually with a mechanical shutter (S1 or S2) to read the other component independently. The total optical energy is proportional to s 2 + p 2 , a quantity which is nearly constant in all scans of the magnetic field. In our experiments, a GMW magnet (model 3470) was used. With a separation of 2 cm between the poles, the magnet delivers a nearly uniform magnetic field of up to 4 kg in the volume between the poles. Inside the magnet, either a single crystal [ Fig. 1(b) ] or a pair of crystals [ Fig. 1(c) ] have been used. Each MO sample is a 2.8 mm-long single crystal YIG rod of 5 mm diameter, polished and anti-reflection coated for operation at the laser's wavelength. The easy axis of magnetization [001] is nearly parallel to the rod axis, which is also the direction of the optical beam and the magnetic field [see Figs. 1(b), (c) ]. The transmission is 88% with a single crystal and 80% with the pair setting. A general output state of polarization has both an orientation angle α with respect to the input state and an ellipticity angle ε [9] [see Fig. 1(a) ]. We define a normalized balanced detection signal as D = s 2 − p 2 / s 2 + p 2 . In the presence of ellipticity the entire energy can never be set parallel to a single linear polarization state (as opposed to the input state): some residual energy always remains in the other orthogonal state, corresponding to the minor axis of the ellipse. Closing S1 and maximizing the signal by rotating P yields a signal p 2 max that corresponds to alignment of the ellipse's major axis along p. In the same setting, closing S2 and opening S1 yields a corresponding signal s 2 min relating to the ellipse's minor axis aligned along s. The square root of the ratio between these signals is thus proportional to the ratio between the polarization ellipse axes, and we can thus define a normalized signal η = |p 2 max | / s 2 min which is measured in conjunction with D. A straightforward calculation yields the following relations between the measured signals, D and η, and the physical parameters, α and ε:
The sign in the right-hand term of the first relation corresponds to different quadrants of the output polarization, in the s-p plane. The actual quadrant of the polarization must thus be taken into account before applying Eq. (1). In the absence of circular dichroism, there is no ellipticity, such that η = 0, and accordingly, D = sin 2α. With η = 0, however, each equation has two real solutions, of which only one has physical meaning. This balanced detection measurement is sensitive to the sign of α, but not to that of ε.
field) are shown in Figs. 2(a) and 2(b) . Here the polarization is always in the first quadrant of the s-p plane, corresponding to the minus sign in Eq. (1). The sample exhibits slight hysteresis, with a coercive field of ±20 G. The slopes obtained from linear fits to α(H) and ε(H), in fields far below saturation, are 4.1 × 10 −2 • /(G · mm) for the Faraday rotation (Verdet coefficient) and 4.5 × 10 −3 • /(G · mm) for the magnetic circular dichroism, in accordance with the literature [7, 8] . The orientation and ellipticity both saturate in a magnetic field of ±820 G at the values of ∼ ±45 • and 8 • , respectively. Turning to the double-crystal geometry [ Fig. 1(c)] , with a 1 mm separation between the crystals, the polarization dynamics are shown in Figs. 2(c) and 2(d) . Above half the saturation field, the output polarization is in the second or fourth quadrant, and the plus sign is used in Eq. ( As the distance between the crystals is made small, however, we observed a strong dependence of the saturation field of both the orientation and ellipticity angles on the crystal separation. Fig. 3(a) shows the dynamics of ε for distant (squares) and adjacent (circles) crystal pair settings. While the saturation field is ±820 G when the two crystals are set apart, similar to the case of a single crystal, in adjacent crystal settings the saturation field is reduced to ±650 G, namely to 80% of the initial value. A detailed characterization of the saturation field (H s ) as a function of the pair facet-to-facet separation (d) [ Fig. 3(b) ] reveals that the proximity effect decays on a sub-millimeter separation scale. As both the Faraday rotation and magnetic circular dichroism are proportional to the total magnetization, this exponential dependence of the decay on the distance between the two crystals suggests that the proximity effect originates from effective magnetostatic interactions between the crystal magnetic moments in the presence of an external field [11] . Calculations using a 1D model (not shown) further support our interpretation of the proximity effect, and yield both an exponential decay dependence of the saturation field on the crystal separation and a maximum reduction of 20% in adjacent isolator settings, in agreement with the experimental results.
CONCLUSIONS
In conclusion, we have studied the polarization dynamics in YIG isolator crystal pairs using a modified balanced detection setup. A proximity effect was observed in which the saturation field is reduced by up to 20% for nearby crystals. The decay rate suggests that this effect originates from magnetostatic interactions between the nearby magnetic moments in the presence of an external magnetic field [11] . This substantial reduction of the saturation field is potentially useful for the realization of integrated magneto-optical devices [2] [3] [4] [5] [6] 10] , since a lower saturating field would essentially mean lower device power consumption.
